1. Introduction {#sec1}
===============

Early research suggested that there are two types of adipocytes: white and brown [@bib1]. White adipocytes store excess energy intake as a large unilocular lipid droplet. In contrast, brown adipocytes have much smaller multilocular lipid droplets, and abundant mitochondria. Brown adipocytes generate heat via activation of uncoupling protein 1 (UCP1) that resides on the inner mitochondrial membrane, and acts by decoupling proton transfer across the membrane from synthesis of ATP [@bib1]. More recently, it has been demonstrated that a unique lineage of cells, called 'brown in white (brite)' [@bib2] or 'beige' [@bib3] adipocytes, have the capacity to show both brown and white phenotypes under different conditions. These beige/brite cells originate from special adipocyte precursor cells, which are distinct from white adipocyte precursor cells [@bib3]. Furthermore, classic brown adipocytes arise from a Myf5^+^/Pax7^+^ skeletal muscle stem cell origin [@bib4], [@bib5], [@bib6], [@bib7], but a recent study suggested that Myf5^+^ is a location marker rather than a marker of a specific cell lineage [@bib8], [@bib9], [@bib10]. Hence, the current classification of 'fat' cells includes three main types: white adipocytes with an exclusively white phenotype, brown (Ucp1^+^) adipocytes from the muscle lineage that can only exhibit the brown phenotype, and 'beige/brite' (Ucp1^−/+^) adipocytes that can show both phenotypes [@bib11].

The mammary gland is a milk producing exocrine gland. The mammary duct is composed of several cell lineages including an inner layer of secretory- or ductal-like luminal epithelial cells (Krt8^+^/Krt18^+^) that secrete milk and an outer layer of smooth muscle-like basal myoepithelial cells (Krt14^+^/Krt5^+^), which contract the inner mammary ducts in response to the hormone oxytocin, facilitating milk letdown [@bib12], [@bib13], [@bib14]. In virgin female mice, the mammary gland already has rudimentary ductal structures in the anterior and posterior subcutaneous white adipose tissues. During pregnancy, the proliferation of mammary myoepithelial (Lin^−^:CD24^+^:CD29^hi^) and luminal (Lin^−^:CD24^+^:CD29^low^) stem cells located in the mammary ductal terminal end buds (TEB) facilitates the branching and development of the mammary duct, These ducts gradually penetrate and substitute almost all of the subcutaneous fat pads [@bib15], [@bib16], [@bib17].

An often neglected aspect of adipocyte biology is the suggestion that, in female mice, white adipocytes might be capable of transdifferentiation into mammary luminal secretory epithelium cells [@bib18], [@bib19], sometimes called 'pink' adipocytes [@bib20]. As these 'pink' adipocyte studies were performed prior to the discovery of the beige/brite lineage, it is unclear whether these transformed mammary gland cells were truly white or if they were beige/brite adipocytes presenting a white and then pink phenotype. Moreover, whether classic brown adipocytes might also be able to transform into mammary gland cells is unknown. This may be important because it was recently demonstrated that there is increased expression of brown and beige/brite adipocyte markers (MYF5 and UCP1) among breast cancer cells, that influences the formation of xenografts in mice [@bib21]. Critically, depletion of Ucp1^+^ or Myf5^+^ cells significantly reduced tumor development. Thus, conversion of brown and beige/brite adipocytes into cells displaying a mammary gland phenotype may be an important contributor to the risk of developing breast cancer. It is currently unclear, however, whether brown and/or beige/brite adipocytes are able to transform into mammary gland cells. To answer this question, we performed multiple lineage labeling experiments in four different transgenic mouse models. We demonstrate that classic brown adipocytes, and probably beige/brite adipocytes, are capable of showing a mammary basal myoepithelium phenotype *in vivo*, but not a luminal secretory phenotype. Additionally, we show that if cells that express UCP1 are killed during lactation then the growth of their offspring is reduced, suggesting the conversion of brown/beige adipocytes to mammary cells is functionally significant, even though numerically small.

2. Materials and methods {#sec2}
========================

2.1. Animals {#sec2.1}
------------

All animal experiments were approved by the Institute of Genetics and Developmental Biology Chinese Academy of Sciences (IGDB-CAS) Institutional Animal Care and Use Committee (IACUC). All animals were housed in rooms kept at 23 ± 1 °C with a dark--light cycle of 12 h--12 h (lights on at 0730 h) and fed *ad libitum* with a standard low fat chow diet. *Myf5-Cre* mice were kindly donated by Dr Kuang and Dr Zhu. Ucp1-HBEGF/eGFP (Ucp1-DTR) and Ucp1-CreER mice were kindly donated by Dr Wolfrum. Tamoxifen induction of Cre activity was performed by gavaging 3 × daily 200 μL tamoxifen (10 mg/mL, Sigma--Aldrich) in sunflower oil when the animals were kept at 5 °C. *Ucp1-iCre* mice were built by Biocytogen. To avoid disrupting *Ucp1* expression, *IRES-Cre* was introduced between the coding sequence of exon 6 and the 3′UTR. The internal ribosome entry site (IRES) was used to allow UCP1 and iCRE expression at the same time with lower levels. To avoid disrupting the polyA signal of *Ucp1* expression, a Neo cassette flanked by frt sites was inserted 300 bp downstream of the 3′UTR. Heterozygous mice were healthy and fertile. We then crossed *Ucp1-iCre* mice with *Rosa-mTmG* reporter mice. Transgenic mice *Mmtv-Cre* (Stock \#003553), *Krt14-Cre* (Stock \#004782) and *Rosa-mTmG* reporter mice (Stock \#007676) were purchased from the Nanjing Biomedical Research Institute of Nanjing University (NBRI), *Rosa-tdTomato* reporter mice were purchased from Vitalstar and the SCID-beige mice were purchased from Charles River.

2.2. Immunohistochemistry {#sec2.2}
-------------------------

Animals were perfused with 4% paraformaldehyde (PFA), and mammary gland or BAT were post-fixed by 4% PFA at 4 °C overnight and embedded with OCT after dehydration by 30% sucrose solution for 48 h. Twenty micrometer sections were cut using a Leica cryostat (CM3050S). Frozen sections were fixed in cold PFA for 20 min then rinsed in PBS three times. Then sections were incubated in blocking buffer (5% BSA/0.1% Triton in PBS) at room temperature for 1 h, primary antibodies were added in appropriate concentrations in staining buffer (1% BSA/0.1% Triton in PBS) at 4 °C overnight, followed by a wash and incubation with a secondary antibody for 1 h at room temperature. Nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole). Fluorescence images of frozen sections were acquired on a FV1000 confocal microscope (Olympus) and cultured cell images were taken on a LSM780 confocal microscope (Zeiss).

2.3. Antibodies {#sec2.3}
---------------

The following primary antibodies were used: anti-GFP (rat, 1:2000, MBL), anti-GFP (rabbit, 1:1000, Abcam), anti-beta-Casein (goat, 1:200, Santa Cruz), anti-KRT14 (rabbit, 1:1000, Covance), anti-KRT14 (mouse, 1:1000, Thermo), anti-KRT5 (rabbit, 1:1000, Covance), anti-KRT5 (mouse, 1:1000, Thermo), anti-KRT8 (rabbit, 1:1000, Abcam), anti-E-cadherin (mouse, 1:1000, BD), anti-Perilipin1 (goat, 1:1000, Abcam), anti-PPAR-γ (rabbit, 1:1000, Cell Signaling Technology), anti-UCP1 (rabbit, 1:1000, Abcam), Deep red LipidTOX neutral lipid stain (1:500, Invitrogen). All secondary antibodies were Alexa Fluor-conjugated from Invitrogen: anti-mouse Alexa 647, anti-rabbit Alexa 647, anti-goat Alexa 647, anti-rat Alexa 488, anti-rabbit Alexa 488, anti-mouse Alexa 594, anti-rabbit Alexa 594, anti-goat Alexa 594, anti-rabbit Alexa 405.

2.4. Flow cytometry {#sec2.4}
-------------------

Mammary cells were obtained as performed in earlier studies [@bib15], [@bib22]. In brief, inguinal mammary gland or interscapular BAT samples were dissociated by scissors and then incubated with 5% fetal bovine serum containing collagenase (300 IU/mL, Sigma) and hyaluronidase (100 IU/mL, Sigma) for 60 min at 37°C. Samples were then centrifuged at 500 g for 5 min, and the cell fractions were incubated with 0.25% trypsin-EGTA for 3 min, then resuspended in Dispase (5 mg/mL, Sigma) and DNaseI (50 IU/mL, Takara) for 5 min, and red blood cell lysis (0.64% NH~4~Cl) for 3 min before filtration through a 40 μm cell mesh. Antibodies were incubated in PBS with 5% FBS for 20 min. The following primary antibodies were used: Percp-cy5.5 conjugated anti-CD24 (eBioscience, Clone M1/69), APC conjugated anti-CD29 (eBioscience, Clone HMB1-1), PE-cy7 conjugated anti-CD31 (eBioscience, Clone 390), PE-cy7 conjugated anti-CD45 (eBioscience, Clone 30-F11). The positive antibody signals were gated based on fluorescence minus one (FMO) control every time. Cell sorting was performed on FACSAria, and the data were read using Flowjo7.6.1 software.

2.5. Administration of AAV vectors {#sec2.5}
----------------------------------

The AAV2/9-CAG-DIO-mCherry (1.2 × 10^12^ vg/mL) was purchased from the HanBio company. The *Ucp1-iCre* mice were anesthetized with isoflurane. For interscapular BAT administration, a longitudinal skin incision at the interscapular region was performed, and each side of the BAT received three injections of 5 μL AAV solution.

2.6. Ucp1-GFP cell preparation and cell transplantation {#sec2.6}
-------------------------------------------------------

Six-week-old virgin *Ucp1-iCre-ROSA*^*mTmG*^ female mice were anesthetized with isoflurane. Interscapular BAT was removed and minced into small pieces then incubated with 5% fetal bovine serum containing collagenase (300 IU/mL, Sigma) and hyaluronidase (100 IU/mL, Sigma) for 30 min at 37 °C before filtration through a 100 μm cell mesh. Floating adipocytes were collected by a syringe, and mature brown adipocytes (DAPI negative) were sorted by 130 mm diameter nozzle to exclude the debris and other unrelated cells using BD Bioscience Aria sorter according to a recent study [@bib11]. The Ucp1-GFP positive suspension was mixed with 0.9% germ-free sodium chloride and injected into one side of the inguinal fat pad of recipient 8-week-old female SCID-beige mice. After the surgery, mice were injected with penicillin (2000 units per day) for the subsequent three days. After 3 days of recovery, the recipient mice were mated with an age-matched wild type BALB/c male mice.

2.7. Diphtheria toxin injection {#sec2.7}
-------------------------------

Wild type or Ucp1-DTR mice were subcutaneously injected with DT (\[Sigma\], 400 ng per mouse, diluted in PBS) under the skin of the scapular region twice a day for every 3 days.

2.8. Protein analysis {#sec2.8}
---------------------

The BAT tissue was homogenized in T-PER tissue protein extraction reagent buffer (\[Thermo\], supplement with protease inhibitor \[Sigma\] and PMSF \[Sigma\]). The protein concentration was determined by the BCA method \[Thermo\]. The protein samples were separated by a 12% SDS-polyacrylamide gel then electrotransferred to PVDF membranes \[Millipore\]. Primary antibody for UCP1 (rabbit, 1:5000, Abcam) was detected by the HRP conjugated anti-rabbit secondary antibody.

2.9. NE induced oxygen consumption {#sec2.9}
----------------------------------

O~2~ consumption and CO~2~ production were determined by indirect calorimetry using a Servomex 4100 analyzer linked to a mass flow controller. Measurements of O~2~ and CO~2~ in the outflow gas stream were measured every 30 s. Each animal was housed and calmed in the gas collection chamber at least 3 h before NE injection to obtain basal O~2~ consumption and CO~2~ production before Norepinephrine (1.2 mg/kg body weight) was injected subcutaneously in the dorsal scapular region [@bib23].

2.10. RNA-seq and bioinformatics {#sec2.10}
--------------------------------

Mature brown adipocytes were sorted by 130 mm diameter nozzle, and mammary myoepithelial cells were sorted by 70 mm diameter nozzle using BD Bioscience Aria sorter. 10,000--20,000 (DAPI negative) living cells per individual were collected in lysis buffer and total RNA were extract immediately by RNeasy Micro Kit (Qiagen) according to manufacturer\'s recommendations. The amplified cDNA samples were prepared by the SMART-Seq™ v4 Ultra™ Low Input RNA Kit for Sequencing (Clontech) and validated by the Agilent 2100 Bioanalyzer. Sequencing libraries were generated using NEBNext® Ultra™ DNA Library Prep Kit for Illumina® (NEB, USA) and 150 bp paired-end reads were sequenced on Illumina Hiseq2500 platform in Novogene company. Full sequencing data are available online at NCBI GEO (GSE93230). The paired-end clean reads were aligned to the reference genome using TopHat and each gene reads numbers were count by HTseq. Differential expression gene (DEG) analysis was performed by DEseq2 package in which gene length and dispersion bias was corrected. The resulting P-values were adjusted using the Benjamini and Hochberg\'s approach for controlling the false discovery rate (FDR). Genes with an adjusted P-value \<0.05 found by DESeq2 were assigned as differentially expressed.

2.11. Cell culture {#sec2.11}
------------------

SVF cells of inguinal adipose tissue from *Krt14-Cre-ROSA*^*mTmG*^ mice were maintained for 1 week in growth medium (DMEM: F12 supplemented with 5% FBS, 5 μg/mL insulin, 500 ng/mL hydrocortisone, 10 ng/mL epidermal growth factor and 1% penicillin-streptomycin). Adipogenic differentiation was induced by induction media (DMEM with 10% FBS, 0.125 mM indomethacin \[Sigma\], 0.5 mM isobutylmethylxanthine \[Sigma\], 2 μg/mL dexamethasone \[Sigma\], 1 μM rosiglitazone \[Sigma\], 5 μg/mL insulin \[Sigma\], 1 nM triiodothyronine \[Sigma\]) for 2 days. Over the next 4 days, cells were maintained in differentiation media (1 μM rosiglitazone, 5 μg/mL insulin, 1 nM triiodothyronine) until harvest. For cAMP agonist stimulation, cells were treated with 10 μM Forskolin \[Sigma\] or DMSO for 6 h before harvesting.

2.12. Quantification of number and size of GFP cell in mammary gland and adipose tissue {#sec2.12}
---------------------------------------------------------------------------------------

A minimum of three mice were analyzed per condition by FACS or immunohistochemistry. A minimum of 200 GFP^+^ clones per condition were counted in mammary gland respectively. KRT14 expressing basal myoepithelial cells and KRT8 expressing luminal cells in GFP^+^ cells were scored. The clones were grouped into three classes by cell size: single cell, two to four cells, and more than four cells. A minimum of 500 Perilipin1^+^ or LipidTox^+^ adipocytes per stage per animal were counted for Krt14^+^ or Mmtv^+^ adipocytes in adipose tissue respectively.

2.13. Quantitative real-time PCR (qPCR) {#sec2.13}
---------------------------------------

The total RNA of sorted cells was isolated by TRIzol (Invitrogen) and cDNA synthesis was performed by M-MLV Reverse Transcriptase (Invitrogen) under manufacturer\'s recommendations. The real-time PCR was analyzed using Tip Green qPCR Super Mix (TransGen Biotech) with Mx3005P Real-Time PCR System (Agilent). qPCR values were normalized by *Tbp* mRNA expression. Primer sequences are available in [Table S4](#appsec1){ref-type="sec"}.

2.14. Milk energy output (MEO) {#sec2.14}
------------------------------

Daily energy expenditure (DEE) of the lactation mice were measured by the doubly labelled water (DLW) technique on days 14--16 of lactation. MEO was calculated from the difference between metabolic food energy intakes and DEE [@bib24].

2.15. Statistical analysis {#sec2.15}
--------------------------

Data are presented as mean ± s.e.m. Cell numbers are presented to 2 significant figures. Unless stated otherwise, an unpaired two-sided Student\'s *t*-test was used for comparisons with \*P \< 0.05 and \*\*P \< 0.01 compared with control group.

3. Results {#sec3}
==========

3.1. Some Myf5^+^ cells from the interscapular brown adipose tissue display a myoepithelial phenotype during lactation {#sec3.1}
----------------------------------------------------------------------------------------------------------------------

Previous studies have shown that white adipocytes can transdifferentiate into mammary secretory-like cells during pregnancy and lactation [@bib18], [@bib19]. In addition, other studies have indicated that the thermogenic capacity of BAT is suppressed during lactation in mice [@bib24], [@bib25]. It is unclear whether these two changes are in some way linked, as might for example happen if brown adipocytes were also transdifferentiating into mammary gland cells. To determine whether classic brown adipocytes are involved in mammary gland development, we used *Myf5-Cre-ROSA*^*mTmG*^ transgenic mice. *Myf5* is a transcription factor that plays a major role in skeletal muscle differentiation and myogenesis [@bib26], [@bib27], and classic brown adipocytes share the skeletal muscle origin from the embryonic stage [@bib4], [@bib28], [@bib29], [@bib30]. We crossed *Myf5-Cre* transgenic mice with *Rosa-mTmG* reporter mice. The mTmG mice express a double fluorescent protein on the cell membrane, and the loxp-stop-loxp tdTomato cassette is replaced by enhanced GFP, after CRE-mediated recombination [@bib31]. Hence, cells currently or previously expressing *Myf5* become GFP-positive on the cell surface, while other cells not expressing GFP remain Tomato positive on the cell surface, allowing us to monitor the potential adipocyte ancestry of mammary gland cells. Since *Myf5-Cre* labels brown adipocyte in an anatomical way, samples in this experiment were carefully chosen from the interscapular region as brown adipose tissue ([Figure S1A](#appsec1){ref-type="sec"}).

Up to 91% interscapular Myf5-GFP cells were UCP1 positive in the virgin state, suggesting that the *Myf5-Cre-ROSA*^*mTmG*^ transgenic model is suitable to label the classic brown adipose tissue, although there are clearly other cells (about 9%) expressing Myf5 that are not UCP1 positive. The number of UCP1 positive Myf5-GFP cells dropped to 52% during lactation ([Figure 1](#fig1){ref-type="fig"}A), which suggests that BAT thermogenesis during lactation was suppressed, consistent with our previous studies [@bib24]. In the virgin stage of the *Myf5-Cre-ROSA*^*mTmG*^ mice, Myf5-GFP positive classic brown adipocytes in the interscapular region did not express the mammary markers KRT14 (myoepithelial) or KRT8 (luminal), and the mammary gland did not contain GFP cells under immunostaining analyses ([Figure 1](#fig1){ref-type="fig"}B and C). During lactation, the anterior mammary gland enlarged onto the dorsal surface and invaded the BAT in the interscapular region ([Figure S1B](#appsec1){ref-type="sec"}), indicating that the mammary gland and BAT are often in close contact in this region. As well as the typical spherical fat cell shape, some of the Myf5-GFP cells also presented a slender shape and together several cells formed a basket-like structure ([Figure 1](#fig1){ref-type="fig"}D and E) during both pregnancy and lactation, relative to non-reproductive age-matched *Myf5-Cre-ROSA*^*mTmG*^ mice. Myf5-GFP cells contained mammary basal myoepithelial markers as revealed by co-expression of GFP with KRT14 and Keratin 5 (KRT5) in the dorsal part of the interscapular mammary gland ([Figure 1](#fig1){ref-type="fig"}D and E). However, most of the slender Myf5-GFP cells were in close proximity to mammary luminal KRT8 and CSN2 positive cells, but did not co-stain for these markers ([Figure 1](#fig1){ref-type="fig"}F and G), suggesting that Myf5-GFP cells did not display a luminal secretory cell phenotype. Clonal analysis of Myf5-GFP mammary clones suggested that all the clones were basal clones ([Figure S1C](#appsec1){ref-type="sec"}), which contained about 27.3%--43.3% single basal clones. A small number of Myf5-GFP cells were found in the posterior inguinal mammary gland of the *Myf5-Cre-ROSA*^*mTmG*^ mice in both virgin and lactation stages, but these Myf5-GFP cells did not contain mammary cell markers KRT14 or KRT8 by immunostaining analysis ([Figure S1D--G](#appsec1){ref-type="sec"}).Figure 1**Myf5-GFP cells could convert into mammary basal myoepithelial cells during the reproductive stage**. (A) The UCP1 expression level in BAT during lactation (middle) compared to the virgin state (left). The percentage of UCP1 expression in Myf5-GFP cells shows in histogram (right). (B and C) In the virgin stage of the *Myf5-Cre-ROSA*^*mTmG*^ mice, the interscapular BAT was stained for mammary markers KRT14 and KRT8. (D and E) During lactation, Myf5-GFP cells in the scapular region expressed the mammary basal myoepithelial markers KRT14 and KRT5. (F and G) Myf5-GFP cells were negative for the mammary luminal markers KRT8 and CSN2. (H) Flow cytometry analysis of CD24 and CD29 of Lin^−^ cells showing Myf5-GFP expression in the anterior dorsal interscapular region mammary basal cell populations. (I and J) The Myf5-GFP cells percentage in KRT14^+^ mammary basal myoepithelial population (defined as Lin^−^:CD24^+^:CD29^hi^:Krt14^+^) during lactation (I) and virgin stage (n = 3) (J). (K) The Krt14^+^ mammary basal myoepithelial population were sorted out to observe Myf5-GFP cells. Scale bar: 20 μm. The data represent means + s.e.m. \*P \<0.05.Figure 1

To monitor the dynamics of the Myf5-GFP cell content in the mammary gland, the stromal vascular fraction (SVF) cells in the interscapular and inguinal fat pads were isolated from the *Myf5-Cre-ROSA*^*mTmG*^ mice for flow cytometry analysis ([Figure S1H](#appsec1){ref-type="sec"}). The positive GFP signal was gated by fluorescence minus one (FMO) control of the wild type mouse ([Figure S1I](#appsec1){ref-type="sec"}). Quantification of the labeling events by FACS analysis [@bib14], [@bib15] indicated that Myf5-GFP cells were found in the mammary basal myoepithelial populations (Lin^−^:CD24^+^:CD29^hi^), but not the luminal populations (Lin^−^:CD24^+^:CD29^low^), in the interscapular region of 8-week-old virgin female mice as well as in pregnant and lactating female mice ([Figure 1](#fig1){ref-type="fig"}H). To exclude the possibility that there are potential adipose precursors in the mammary basal myoepithelial population (Lin^−^:CD24^+^:CD29^hi^), we combined the mammary myoepithelial cytoplasmic marker KRT14 with the cell surface markers (details in [Figure S3C](#appsec1){ref-type="sec"}). The KRT14-positive cells were predominantly scattered among the mammary basal myoepithelial population (Lin^−^:CD24^+^:CD29^hi^) ([Figure 1](#fig1){ref-type="fig"}I and [S3C](#appsec2){ref-type="sec"}). On average, 5.0 (±1.7) % of the selected KRT14 positive mammary basal myoepithelial population (Lin^−^:CD24^+^:CD29^hi^:KRT14^+^) were found to be Myf5-GFP positive in the interscapular region of the *Myf5-Cre-ROSA*^*mTmG*^ mice during lactation ([Figure 1](#fig1){ref-type="fig"}I and J) and 1.7 (±0.1) % of KRT14 positive basal myoepithelial population (Lin^−^:CD24^+^:CD29^hi^:KRT14^+^) were found to be Myf5-GFP positive in the virgin stage. In addition, the KRT14 positive basal myoepithelial population (Lin^−^:CD24^+^:CD29^hi^:KRT14^+^) were sorted and Myf5-GFP cells were confirmed by confocal microscopy ([Figure 1](#fig1){ref-type="fig"}K). It is unclear whether the Myf5^+^ progenitor cells were recruited to become mammary myoepithelial cells, or whether the mature brown adipocytes transdifferentiated into mammary basal myoepithelial cells. However, given the characteristics of *Myf5-Cre*, it is also possible that Myf5-GFP also labeled some anterior region mammary lineage cells. Hence, while these data are consistent with classic brown adipocytes showing a myoepithelial cell phenotype in lactation, they are not definitive, since Myf5 was not exclusively expressed in brown adipocytes. In contrast to the anterior dorsal mammary gland, only 0.01 (±0.04) % of the posterior mammary Lin^−^:CD24^+^:CD29^hi^:KRT14^+^ population were Myf5-GFP positive during lactation suggesting that the Myf5-GFP cells in the inguinal region did not contribute to the development of mammary myoepithelial cells ([Figure S1K](#appsec1){ref-type="sec"}). Furthermore, the gene expression level of *Myf5* was validated by Q-PCR, indicating that *Myf5* was not expressed in FACS sorted Myf5-GFP brown adipocytes or myoepithelial cells but was expressed in skeletal muscle ([Figure S1L](#appsec1){ref-type="sec"}). These data indicated that the Myf5-GFP cells (only) in the interscapular brown adipose region can exhibit a mammary basal myoepithelial cell phenotype, but they did not display a luminal cell phenotype during lactation.

3.2. Ucp1^+^ brown and beige/brite adipocytes can show a mammary myoepithelial cell phenotype {#sec3.2}
---------------------------------------------------------------------------------------------

In the light of the potential adipocyte origin and presence of the Myf5^+^ progenitor heritage in some mammary basal myoepithelial cells, we further explored whether mature brown adipocytes expressing UCP1 also shared this phenotype. UCP1 is the hallmark gene regulated by ambient temperature and expressed in mature brown and beige/brite adipocytes [@bib32], [@bib33]. We generated an *Ucp1-IRES-Cre* transgenic mouse to trace mature brown cells. To also track beige/brite adipocytes in inguinal adipose tissue, *Ucp1-iCre-ROSA*^*mTmG*^ female mice were cold exposed at 5 °C for 7 days before mating. Both membrane GFP and UCP1 signals were observed in interscapular brown adipose tissue and inguinal adipose tissue ([Figure 2](#fig2){ref-type="fig"}A and [S2A](#appsec1){ref-type="sec"}). Consistent with the *Myf5-Cre-ROSA*^*mTmG*^ model, 95% of interscapular Ucp1-GFP cells were UCP1 positive during the virgin stage and the UCP1 positive percentage dropped to 41% during lactation ([Figure 2](#fig2){ref-type="fig"}A). Mature brown adipocytes and beige/brite adipocytes did not express the mammary markers KRT14 or KRT8, and the KRT14/KRT8 positive mammary gland cells did not include Ucp1-GFP cells during the virgin stage ([Figure 2](#fig2){ref-type="fig"}B and C). Consistent with the *Myf5-Cre-ROSA*^*mTmG*^ model, during lactation, the Ucp1-GFP cells were found in both the interscapular ([Figure 2](#fig2){ref-type="fig"}D and E) and inguinal ([Figure 2](#fig2){ref-type="fig"}F and G) mammary glands. The Ucp1-GFP cells expressed low levels of KRT14 and KRT5 compared to neighboring basal myoepithelial cells and none of Ucp1-GFP cells expressed the mammary luminal marker KRT8 ([Figure S2B](#appsec1){ref-type="sec"}).Figure 2**Ucp1-GFP cells convert into mammary basal myoepithelial cells during the reproductive stage**. (A) The UCP1 expression level in BAT during lactation (middle) compared to the virgin state (left). The percentage of UCP1 expression in Ucp1-GFP cells are shown in the histogram (right). (B and C) In the virgin stage of the *Ucp1-Cre-ROSA*^*mTmG*^ mice, the interscapular BAT was stained for mammary markers KRT14 and KRT8. (D--G) During lactation, Ucp1-GFP cells contain mammary basal myoepithelial markers KRT14 and KRT5 in the dorsal region of the anterior mammary gland (D and E) and the posterior mammary gland (F and G). (H and I) Flow cytometry analysis of CD24 and CD29 of Lin^−^ cells showing Ucp1-GFP expression in mammary basal myoepithelial cell populations in the dorsal region of the anterior interscapular mammary gland (H) and the posterior inguinal mammary gland (I). (J and K) The Ucp1-GFP cell percentage in Krt14^+^ mammary basal myoepithelial population (defined as Lin^−^:CD24^+^:CD29^hi^:Krt14^+^) during lactation (J) and virgin stage (both n = 3) (K). (L) The Krt14^+^ mammary basal myoepithelial population were selected to observe Ucp1-GFP cells. (M) Schematic diagrams of Ucp1-GFP cell transplantation experiments using the SCID-beige mice are shown in M. (N--P) During lactation day 5, the inguinal mammary gland from the Ucp1-GFP cells grafted SCID-beige female mice were sectioned and immunostained for mammary markers KRT14, KRT5 and KRT8. (Q) Schematic diagrams of lineage-tracing experiments using *Ucp1-CreER-ROSA*^*tdTomato*^ mice are shown in Q. (R--U) Interscapular brown adipose depots and inguinal mammary gland from lactation *Ucp1-CreER-ROSA*^*tdTomato*^ mice were sectioned and immunostained for RFP, Perilipin1 and mammary markers KRT14 and KRT5. Scale bar: 20 μm. The data represent means + s.e.m. \*P \<0.05.Figure 2

FACS analysis of the SVF from *Ucp1-iCre-ROSA*^*mTmG*^ female mice showed that Ucp1-GFP cells in both the anterior and posterior mammary glands were only observed in the mammary basal myoepithelial populations ([Figure 2](#fig2){ref-type="fig"}H and I), rather than in the luminal or stromal cells, which was consistent with the result for Myf5-GFP cells (above). On average, 2.2 (±0.1) % of the sorted KRT14 positive mammary basal myoepithelial population (Lin^−^:CD24^+^:CD29^hi^:KRT14^+^) in the anterior dorsal interscapular region ([Figure S1A](#appsec1){ref-type="sec"}) were Ucp1-GFP positive during lactation, but only 0.13 (±0.06) % were GFP positive in the virgin stage (*t*-test, t~3~ = 15.22, p \< 0.05) ([Figure 2](#fig2){ref-type="fig"}J and K). The KRT14 positive basal myoepithelial population (Lin^−^:CD24^+^:CD29^hi^:KRT14^+^) were sorted out and Ucp1-GFP cells were confirmed by confocal microscopy ([Figure 2](#fig2){ref-type="fig"}L). The difference in the percentage of Ucp1-GFP cells in the mammary basal myoepithelial population (Lin^−^:CD24^+^:CD29^hi^:KRT14^+^) between the two stages indicated that the conversion between brown adipocytes and mammary myoepithelial cells might happen during the reproductive stage.

To further investigate the relationship between the mature brown adipocytes and the mammary myoepithelial cells, we performed a fate-mapping study using DIO-mCherry adeno-associated virus (AAV) with *Ucp1-iCre* mice. The DIO-mCherry AAV carries a reversed loxp-mCherry-loxp cassette, resulting in expression of mCherry only after Cre-mediated recombination ([Figure S2C](#appsec1){ref-type="sec"}). The 8-week-old *Ucp1-iCre* female mice were cold stimulated at 5 °C for 4--5 days, immediately after the interscapular injection of the DIO-mCherry AAV ([Figure 2](#fig2){ref-type="fig"}D). After this pulse-labeling period, *Ucp1-iCre* mice were housed at room temperature with males to get pregnant. The *Ucp1-iCre* mice were sacrificed on day 2 of lactation for a 25-day AAV chasing period. Large numbers of brown multiocular adipocytes (Perilipin1^+^) were co-expressing UCP1 and mCherry, and the white unilocular adipocytes (Perilipin1^+^) were negative for UCP1 and mCherry, suggesting that the DIO-mCherry AAV specifically labeled the classic brown adipocytes in *Ucp1-iCre* mice after the injection ([Figure S2E](#appsec1){ref-type="sec"}). The Ucp1-mCherry cells did not contain mammary cell markers KRT14 and KRT8 in the virgin stage during cold exposure ([Figure S2F and G](#appsec1){ref-type="sec"}). During lactation, the Ucp1-mCherry cells expressed mammary basal myoepithelial markers KRT14 and KRT5 but not the mammary luminal marker KRT8 ([Figure S2H--J](#appsec1){ref-type="sec"}). The presence of Ucp1-mCherry derived mammary basal myoepithelial cells during lactation indicates that mature brown adipocytes can directly convert into mammary basal myoepithelial cells in the reproductive mammary microenvironment.

To evaluate whether this conversion of brown adipocytes could continue without the microenvironment and sympathetic nervous system of the brown adipose tissue, we performed a cell xenograft experiment using a suspension of isolated Ucp1-GFP positive brown adipocytes from 6-week-old *Ucp1-iCre-ROSA*^*mTmG*^ female mice. The single alive cell suspension of mature brown adipocytes was obtained by FACS ([Figure S6A and B](#appsec1){ref-type="sec"}) [@bib11]. This suspension was injected into the inguinal fat pad of 8-week old SCID-beige female mice ([Figure 2](#fig2){ref-type="fig"}M). The immunocompromised SCID-beige mice possesses both autosomal recessive mutations SCID (*Prkdc*^*scid*^) and beige (*Lyst*^*bg*^), resulting in immunodeficiency affecting both the B and T lymphocytes and natural killer (NK) cells [@bib34], [@bib35]. Such mice are able to tolerate the exogenous Ucp1-GFP cells through the pregnancy and lactation period. Due to limited space in the inguinal adipose tissue, only 10,000 Ucp1-GFP cells were injected into the fat pad in each SCID-beige mouse. After a three-day recovery from the surgery, 98% of the grafted Ucp1-GFP cells still expressed the adipose marker Perilipin1, and 30% of the GFP cells retained the multiocular brown adipocyte phenotype ([Figure S3A](#appsec1){ref-type="sec"}), but the grafted Ucp1-GFP cells lost the UCP1 signal in the inguinal region ([Figure S3B](#appsec1){ref-type="sec"}). This phenotype has also been reported in several previous BAT grafting experiments [@bib36], [@bib37], [@bib38], [@bib39] suggesting the local microenvironment and sympathetic nervous system are vital to sustaining the expression level of UCP1 in the grafted cells. Consistent with the *Ucp1-iCre-ROSA*^*mTmG*^ model and the AAV experiments, the mammary cell markers Keratin 14 (KRT14, myoepithelial cells) and Keratin 8 (KRT8, luminal cells) were not expressed in the Ucp1-GFP cells of the SCID-beige mice ([Figure S3C and D](#appsec1){ref-type="sec"}). The recipient SCID-beige mice were co-housed with male mice until late pregnancy. During lactation day 5, some of the grafted Ucp1-GFP^+^ cells became slender, delipidized, and adjoined to the outer ring of mammary gland lobules, and up to 1.2 (±0.1)% of the total Ucp1-GFP cells expressed the mammary myoepithelial cell markers KRT14 and KRT5 in 5/6 SCID-beige mice ([Figure 2](#fig2){ref-type="fig"}N and O). The Ucp1-GFP cells did not express the luminal cell marker KRT8 ([Figure 2](#fig2){ref-type="fig"}P) in lactating SCID-beige mice, suggesting the brown adipocyte conversion is directed towards mammary myoepithelial cells rather than luminal cells and also independent of the brown adipose microenvironment.

To investigate whether the small proportion of Ucp1^+^ myoepithelial cells from the *Ucp1-iCre* mice is due to spurious CRE activity, we performed a fate-mapping study using a different *Ucp1-CreER* mice line mated with *ROSA*^*tdTomato*^ mice [@bib11]. The 8-week old *Ucp1-CreER-ROSA*^*tdTomato*^ female mice were cold stimulated at 5 °C for 3 days to activate brown and beige/brite adipocytes and tamoxifen was administered during this cold exposure period ([Figure 2](#fig2){ref-type="fig"}Q). After this pulse-labeling period, *Ucp1-CreER-ROSA*^*tdTomato*^ mice were housed at room temperature with males to get pregnant. The *Ucp1-CreER-ROSA*^*tdTomato*^ mice were sacrificed on day 1 of lactation for a 25--30 day chasing period. Similar to the DIO-AAV result, large numbers of brown multiocular adipocytes (Perilipin1^+^) were detected co-expressing UCP1 and RFP, and the white unilocular adipocytes (Perilipin1^+^) were negative for UCP1 and RFP, suggesting that the RFP specifically labeled the classic brown adipocytes in these *Ucp1-CreER-ROSA*^*tdTomato*^ mice ([Figure S4A](#appsec1){ref-type="sec"}). The Ucp1-RFP cells did not contain mammary cell markers KRT14 and KRT8 in the virgin stage during cold exposure ([Figure S4B and C](#appsec1){ref-type="sec"}). During lactation, the Perilipin1 negative Ucp1-RFP cells were slender and 98% contained the mammary basal myoepithelial markers KRT14 and KRT5 in both the interscapular and inguinal mammary gland ([Figure 2](#fig2){ref-type="fig"}R--U). The presence of Ucp1-RFP derived mammary basal myoepithelial cells during lactation indicates that mature brown adipocytes can convert into mammary basal myoepithelial cells in the reproductive mammary microenvironment.

To explore whether the Ucp1^+^ expressing cells contribute to lactation performance, we selectively depleted the Ucp1^+^ cells through the injection of diphtheria toxin (DT) into *Ucp1* promoter driven HBEGF/eGFP mice (Ucp1-DTR mice) [@bib11]. UCP1 protein in the interscapular BAT was not detected after 3 days of DT injection ([Figure S5A](#appsec1){ref-type="sec"}). To test the treatment of DT in every 3 days is enough to deplete the brown adipocytes, DT treated Ucp1-DTR mice were chronic cold stimulation for 7 days and the non-shivering thermogenesis (NST) was evaluated by norepinephrine (NE) injection. Compared to PBS treated Ucp1-DTR mice, DT treated Ucp1-DTR mice show a significant impairment in NST ([Figure S5B and C](#appsec1){ref-type="sec"}). The injection of DT covered the entire reproductive stage in Ucp1-DTR group and age-matched wild type group. To avoid any influence of DT on the offspring of Ucp1-DTR mice, all Ucp1-DTR offspring were swapped for wild type offspring and litter size was made equivalent between the two groups (litter size = 8.36 in wild type group and 8.09 in Ucp1-DTR group). The body weight was significantly decreased in Ucp1-DTR lactation mice (p \< 0.05 by GLM) ([Figure S5D](#appsec1){ref-type="sec"}). There was also a significant reduction in total food intakes (p \< 0.05 by GLM) ([Figure S5E](#appsec1){ref-type="sec"}). Importantly, the litter mass in Ucp1-DTR group was significantly lower (∼18%) than in the control group (p \< 0.05, by ANOVA) ([Figure S5F](#appsec1){ref-type="sec"}), but the gross mammary gland tissue weight was not significantly different between the two groups (p \> 0.05 by ANOVA) ([Figure S5G](#appsec1){ref-type="sec"}). The milk energy output (MEO) of the Ucp1-DTR group was 15% lower than in the WT group (119 kJ/day vs 103 kJ/day: F~1,19~ = 5.9, p = 0.024, ANOVA) ([Figure S5H](#appsec1){ref-type="sec"}).

Taken together, our experiments indicate that both classic brown adipocytes and possibly inguinal beige/brite adipocytes are able to display the mammary basal myoepithelial phenotype *in vivo*. Eliminating these cells appears to have functional impacts on lactation performance.

3.3. Myf5^+^/Ucp1^+^ myoepithelial cells express an adipose and myoepithelial signature {#sec3.3}
---------------------------------------------------------------------------------------

To investigate the gene expression signatures of the Myf5^+^ and Ucp1^+^ myoepithelial cells, the GFP^+^ myoepithelial cells (Lin^−^:CD24^+^:CD29^hi^:GFP^+^) and GFP^−^ myoepithelial cells (Lin^−^:CD24^+^:CD29^hi^:GFP^−^) were sorted from the interscapular region of *Myf5-Cre-ROSA*^*mTmG*^ or *Ucp1-iCre-ROSA*^*mTmG*^ mice on lactation day 10, and the interscapular mature brown adipocytes were isolated from the 8-week old virgin transgenic mice ([Figure S6A and B](#appsec1){ref-type="sec"}). FACS combined high throughput RNA-sequencing allow us to analyze the cell type specific gene expression without noise from other unrelated cell types such as stromal or endothelial cells ([Table S1](#appsec1){ref-type="sec"}). Hierarchical clustering of the differentially expressed genes among the RNA-seq samples is shown in [Figure 3](#fig3){ref-type="fig"}A and [Table S2](#appsec1){ref-type="sec"}. The main differentially expressed genes were between the brown adipocytes and the myoepithelial cells. The Myf5^+^ and Ucp1^+^ myoepithelial cell gene expression profiles were distinct from the Myf5^−^ and Ucp1^−^ myoepithelial cells. This included lower levels of the adipose markers (e.g., *Plin1*, *Adipoq*, and *Retn*) and the browning markers (e.g., *Cox8b* and *Ppargc1a*), but *Ucp1* was only expressed in the brown adipocyte groups. The smooth muscle associated genes (e.g., *Acta2*, *Tagln*, *Cnn1*, and *Myh11*) and the myoepithelial cell associated genes (e.g., *Krt14* and *Krt5*) were enriched in the Myf5^+^ and Ucp1^+^ myoepithelial cells in contrast to the Myf5^+^ and Ucp1^+^ brown adipocytes ([Figure 3](#fig3){ref-type="fig"}C and D and [Table S3](#appsec1){ref-type="sec"}). This pattern is also supported by recent studies showing that Acta2^+^ [@bib9], [@bib40], [@bib41], [@bib42] and Myh11^+^ [@bib43] smooth muscle-like cells are able to differentiate into beige/brite adipocytes under certain circumstances. The beige adipocyte marker *Ebf2* [@bib44], [@bib45] and the pericyte markers *Pdgfra* [@bib46] and *Pdgfrb* [@bib47], which are tightly linked to beige adipocyte differentiation, are also enriched in the Myf5^+^/Ucp1^+^ myoepithelial cells. RNA-seq data suggested that the GFP^+^ myoepithelial cells carried a mix of both smooth muscle-like and adipose-like signatures, when compared to GFP^+^ brown adipocytes and GFP^−^ myoepithelial cells respectively ([Figure 3](#fig3){ref-type="fig"}C). Selected gene expression was validated by qPCR ([Figure 3](#fig3){ref-type="fig"}D).Figure 3**Gene signature of brown origin myoepithelial cells**. (A) Hierarchical clustering of the differentially expressed genes from the FACS-Sequencing data set. Rows were clustered using the one minus Pearson correlation distance metric and columns were clustered using the one minus Spearman correlation distance metric. Clustering was performed with the averaged counts for each cell type. (B) Highlighted differentially expressed genes from the Myf5^+^-Myo group and Ucp1^+^-Myo group compare to GFP^+^-BAT and GFP^−^-Myo groups in the FACS-Sequencing data set. (C) Relative expression by qPCR of the differentially expressed genes from **C** (n = 2 per group). Red and blue indicate relative high and low expression for the row respectively in **A--C**.Figure 3

3.4. Mammary-derived epithelial cells can display adipose features after weaning {#sec3.4}
--------------------------------------------------------------------------------

We found that brown preadipocytes/adipocytes displayed a mammary basal myoepithelial cell phenotype during the reproductive stage. We next asked whether mammary-derived cells could display an adipocyte phenotype after weaning was completed and the mammary gland involuted. *Krt14-Cre-ROSA*^*mTmG*^ mice were bred by crossing *Krt14-Cre* mice with *Rosa-mTmG* reporter mice. The Krt14-GFP anterior mammary gland did not express the adipose marker Perilipin1 or contain lipid droplets (LipidTox) in the virgin and lactation period ([Figure 4](#fig4){ref-type="fig"}A and B, [S7A and B](#appsec1){ref-type="sec"}). Five days after weaning, the *Krt14-Cre-ROSA*^*mTmG*^ mice were exposed to 5 °C cold stimulation for 4 days. Immunostaining in BAT confirmed that Krt14-GFP cells were Perilipin1 and UCP1 positive in the interscapular region, suggesting that, on average, 0.8% brown adipocytes were converted from mammary epithelial cells ([Figures 4](#fig4){ref-type="fig"}C and D and [S7D](#appsec1){ref-type="sec"}). The Krt14-GFP positive cells were also observed to have lipid droplets in the inguinal subcutaneous adipose fat pad ([Figure S7C](#appsec1){ref-type="sec"}). One possible explanation for the adipocytes expressing the Krt14-GFP signal is the adipose-derived mammary cells revert back to their adipose phenotype after lactation. A second possibility is that some Krt14-derived mammary cells responded to the strong post-partum adipogenic microenvironmental stimulation [@bib48].Figure 4**Mammary-derived epithelial cells display adipose features after weaning**. (A--D) Interscapular BAT from the virgin, lactation, and involution stages of the *Krt14-Cre-ROSA*^*mTmG*^ mice were sectioned and immunostained for GFP, Perilipin1, LipidTOX, and UCP1. (E--G) Krt14-GFP SVF cells from *Krt14-Cre-ROSA*^*mTmG*^ female virgin mice expressed LipidTox (F) and PPAR-γ (G) after 6 days of brown adipogenic stimulation *in vitro*. (H) Differentiated Krt14^+^ adipocytes express UCP1 (right) after 6 h (10 μM) Forskolin treatment. (I--M) Interscapular BAT from virgin, lactation, and involution stages of the *Mmtv-Cre-ROSA*^*mTmG*^ mice were sectioned and immunostained for GFP, Perilipin1, LipidTOX, and UCP1. Scale bar: 100 μm in E--H and 20 μm in the remaining graphs.Figure 4

Supporting the *in vivo* work, we explored whether Krt14-positive myoepithelial cells could differentiate into adipocytes *in vitro*. We cultured inguinal Krt14^+^ SVF cells from the virgin *Krt14-Cre-ROSA*^*mTmG*^ mice in adipogenic conditions for 6 days, and Krt14^+^ cells produced lipid droplets and were PPAR-γ positive ([Figure 4](#fig4){ref-type="fig"}E--G). Furthermore, these Krt14-GFP adipocytes were able to respond to the cAMP signal agonist Forskolin by expressing UCP1 ([Figure 4](#fig4){ref-type="fig"}H). This result demonstrates mammary basal myoepithelial cells are able to differentiate into beige/brite-like adipocytes *in vitro*.

To further determine whether Krt14-GFP marked mammary cells display an adipocyte phenotype, we repeated the above experiment using *Mmtv-Cre-ROSA*^*mTmG*^ mice. The mouse mammary tumor virus (*Mmtv*) promoter driven Cre model is a well-known mouse mammary model [@bib49]. Similar to *Krt14-Cre-ROSA*^*mTmG*^ mice, the Mmtv-GFP mammary gland cells did not contain lipid droplets in both the virgin and lactation stages ([Figures 4](#fig4){ref-type="fig"}I and J, [S7E and F](#appsec1){ref-type="sec"}). In the post-weaning *Mmtv-Cre-ROSA*^*mTmG*^ *mice*, Mmtv-GFP cells were observed to be LipidTox and PPAR-γ positive and 1.3% of inguinal adipocytes had a Mmtv origin ([Figures 4](#fig4){ref-type="fig"}K and [S7G--H](#appsec1){ref-type="sec"}). Some of these Mmtv^+^ adipocytes responded to cold exposure with a thermogenic UCP1 signature ([Figure 4](#fig4){ref-type="fig"}M).

Overall, these data suggest that mature brown adipocytes are capable of displaying mammary basal myoepithelial features during the reproductive stage, but they do not exhibit a luminal phenotype capable of milk secretion. Beige/brite cells may have a similar capacity. In addition, mammary epithelial cells are capable of exhibiting an adipocyte phenotype, some of which have a browning potential after weaning.

4. Discussion {#sec4}
=============

The previous discovery of a unique lineage of adipocytes that appear able to display both brown and white phenotypes has stimulated considerable interest in the interrelationships between the different adipocyte populations and raised questions whether such cells come from *de novo* recruitment of progenitor cells, or whether all white adipocytes are capable of transdifferentiation. An additional complexity in the interrelationships of the various adipocytes is that previous studies showed that grafted gonadal WAT contributes to the mammary luminal secretory cell population during lactation [@bib19]. However, because this finding was made prior to the discovery of beige/brite adipocytes, it is currently unclear which cell type was responsible for displaying the luminal secretory phenotype. Alternatively, the appearance of apparent transdifferentiation might have been because the 'adipocyte' marker used to identify cells that had a white adipocyte heritage (FABP4^+^) is not specific to adipocytes [@bib50]. The ability of brown adipocytes to transform into mammary gland cells was previously unknown. We have demonstrated here that brown adipocytes (Ucp1^+^) contribute to the mammary basal myoepithelial population but not luminal secretory cells. This might be because brown adipocytes come from a skeletal muscle origin (Myf5^+^), which is more similar to the mammary smooth muscle like basal myoepithelial Krt14^+^ cells, which function to squeeze the milk out of the ducts during milk letdown. However, some previous studies reported that *Myf5* also labels a few white adipocytes in the supra-scapular and inguinal regions [@bib8], [@bib9], [@bib10]; therefore, while we were extremely careful to use only tissue from the interscapular region ([Figure S1A](#appsec1){ref-type="sec"}) and these data are consistent with brown adipocytes transforming to exhibit a myoepithelial phenotype, they are not absolutely definitive. Therefore, we additionally developed *Ucp1-iCre* mouse model combined with *Ucp1-CreER* mouse model, allowing us to definitively separate if the cells were brown or white adipocytes. The *Ucp1-iCre-ROSA*^*mTmG*^ and *Ucp1-CreER-ROSA*^*tdTomato*^ mouse model are able to label all mature brown adipocytes, without the white adipocytes in the interscapular region, and the cell tracing of the brown adipocytes by the injection of DIO-AAV before lactation and the Ucp1-GFP cell graft experiment confirm that active mature brown adipocytes can convert into mammary myoepithelial cell during gestation period.

The adipose microenvironment is crucial for the activation of UCP1 and maintenance of the browning capability [@bib11]. During the reproductive period, the essential hormones of mammary development and maturation (such as prolactin), as well as hormones reflecting body composition (such as leptin) are correlated with UCP1 in BAT [@bib24]. Mice lacking prolactin receptor were protected from high fat diet treatment through browning of their WAT [@bib51]. Furthermore, the well-known brown specific gene *Cidea* has been found to regulate the mammary gland milk secretion as a coactivator of C/EBPβ [@bib52], but it is unknown whether *Cidea* is expressed in the mammary myoepithelial cells during lactation.

We used FACS combined high throughput RNA-seq to analyze the transcriptional pattern of the small proportion of Myf5^+^/Ucp1^+^ derived mammary myoepithelial cells compared to Myf5^−^/Ucp1^−^ mammary myoepithelial cells and mature brown adipocytes. The putative Myf5^+^/Ucp1^+^ mammary myoepithelial cells were enriched for smooth muscle genes (albeit at a lower expression level) and some adipose genes compared to Myf5^−^/Ucp1^−^ mammary myoepithelial cells consistent with the Myf5^+^/Ucp1^+^ mammary myoepithelial cells being converted brown adipocytes. Interestingly, the basal myoepithelial population (Lin^−^:CD24^+^:CD29^hi^) revealed some genes (e.g., *Krt8* and *Csn2*) typically associated with luminal cells in the RNA-seq result. We further combined KRT14 and KRT8 with the cell surface markers to study the distribution of the mammary lineage cells. KRT14 is loyally expressed in the basal myoepithelial population (Lin^−^:CD24^+^:CD29^hi^) in both virgin and lactation state ([Figure S6C](#appsec1){ref-type="sec"}). On the contrary, KRT8 is expressed in basal (Lin^−^:CD24^+^:CD29^hi^) and luminal (Lin^−^:CD24^+^:CD29^lo^) population during lactation state ([Figure S6D](#appsec1){ref-type="sec"}). It is possible that the microenvironment of lactation state influenced the CD29 level of the luminal population. There are also recent studies suggesting the bipotential (e.g., Krt14^+^, α-SMA^+^) basal myoepithelial lineage progenitor cells can contribute to both myoepithelial and luminal cells in the lactation state [@bib14], [@bib53], [@bib54], [@bib55] which involves some myoepithelium-like Ucp1-RFP cells in the *Ucp1-CreER-ROSA*^*tdTomato*^ mouse model carrying both Krt14 and Krt8. Nonetheless FACS sorting excluded the majority of cell contamination such as stromal or endothelial or immune cells in the further GFP^+^ versus GFP^−^ mammary cells transcriptional analysis. Furthermore, no KRT8 signal was observed in the Myf5-GFP or Ucp1-GFP cells by the immunostaining analysis ([Figure 1](#fig1){ref-type="fig"}, [Figure 2](#fig2){ref-type="fig"}D) in *Myf5-Cre-ROSA*^*mTmG*^ and *Ucp1-iCre-ROSA*^*mTmG*^ mice models. Interestingly, the Perilipin1 negative Ucp1-RFP cells were UCP1 positive in the interscapular region but UCP1 negative in the inguinal mammary gland ([Figure S4D and F](#appsec1){ref-type="sec"}), which is similar to the Ucp1-GFP adipocytes graft experiment. Different from the *Ucp1-iCre* model, around 37% Perilipin1 negative slender Ucp1-RFP cells expressed the mammary luminal marker KRT8 ([Figure S4E--G](#appsec1){ref-type="sec"}) without typical luminal morphology, which indicates that the Ucp1-RFP cells might be bipotential. The putative brown derived (Myf5^+^/Ucp1^+^) myoepithelial cells (Lin^−^:CD24^+^:CD29^hi^) showed a myoepithelial cell phenotype and markers.

Although the population of cells that originate as brown adipocytes and then show a mammary myoepithelial cell phenotype in lactation is small (less than 5% of myoepithelial cells), this population may be functionally important in milk expression from the mammary gland because when these specific cells were killed by diphtheria toxin in Ucp1-DTR mice during lactation, there was a significant impact on milk production and growth of the offspring. Of course the DT in these mice would also kill all the brown adipocytes as well as preventing any adipoctyes from converting to myoepithelial cells. A negative impact on lactation may then come about because of the lack of brown adipocytes. This seems unlikely, however, because *a priori*, one might expect the opposite result of killing brown adipocytes in lactation. Previous work has shown that during lactation, mouse milk production is limited by capacity to dissipate heat [@bib56], [@bib57]. This explains why UCP1 is downregulated during lactation [@bib24], [@bib25], to minimize competitive heat production. Completely eliminating UCP1 expressing cells in lactation might then be predicted to enhance milk production and pup growth if these cells had no additional purpose, such as contributing to mammary gland function.

We also demonstrated that mammary epithelial cells (Krt14^+^ and Mmtv^+^) could display an adipose phenotype after weaning, which was established using the current *Krt14-Cre-ROSA*^*mTmG*^ and *Mmtv-Cre-ROSA*^*mTmG*^ models. It has been previously indicated that vascular smooth muscle (Myh11^+^ and α-SMA^+^) lineage cells [@bib41], [@bib43] and pericyte lineage (PDGFR-α^+^) cells [@bib46], [@bib58] can give rise to adipocytes. Yet, other studies show that Myh11^+^ or α-SMA^+^ [@bib53] lineage cells also give rise to mammary basal myoepithelial cells. We chose the *Krt14-Cre-ROSA*^*mTmG*^ and *Mmtv-Cre-ROSA*^*mTmG*^ strategy to test the sole role of mammary epithelial cells without labeling vascular cells in the process. Furthermore, it was possible to differentiate Krt14^+^ SVF cells into adipocytes with thermogenic features at the cellular level, and animal models further confirmed this phenotype. Nevertheless, it was still unclear whether the undifferentiated myoepithelial stem cells or differentiated myoepithelial cells or both were involved in this cellular fate conversion. In a previous 'browning' mouse model, chronic overexpression of oncogene Cyclooxygenase2 (COX2) [@bib59] or Son of Sevenless (SOS) [@bib60], driven by the skin/mammary myoepithelial promoter Krt5, increased energy expenditure and induced a browning phenotype at room temperature, indicating that the myoepithelial cells could accumulate lipid and activate UCP1 expression under special conditions. Moreover, the brown/beige cell marker UCP1 expressed in the Breast Cancer Susceptibility gene-1 (Brca1) mutant breast cancer model [@bib61] and the substantial reactive oxygen species (ROS) production could regulate the UCP1-dependent thermogenesis [@bib62], suggesting that the uncoupling process might play a critical role in the redox balance and ROS production in cancer cells [@bib63]. Recent studies indicate the cachectic lipolysis and lipogenesis in stromal WAT occurs in a UCP1-independent manner [@bib64]. However, it is still unclear whether the dissipation of proton gradient in the mitochondria by UCP1 is favorable for tumor growth, which requires further investigation. In our study, the activation of UCP1 in brown/beige adipocytes was achieved via cold stimulation. Based on previous myoepithelial cells models [@bib59], [@bib60], it is possible to activate UCP1 expression in myoepithelial cells via either a robust pharmacological (e.g., CL-316243) or pathological (e.g., breast cancer) manner. Hence, in the non-breeding and nonpathologic stage, mammary basal myoepithelial cells may potentially be recruited as a source of beige/brite adipocytes.

5. Conclusion {#sec5}
=============

Collectively, our lineage-tracing data show that both a small proportion brown adipocytes (Ucp1^+^) and beige/brite adipocytes (Ucp1^−/+^) are able to display a mammary basal myoepithelial cell phenotype but not a luminal cell phenotype. We also demonstrate that, after weaning, a small proportion of mammary epithelial cells contribute to the adipocyte pool that can show a thermogenic signature. These changes may make a significant contribution to mammary gland function.
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The following are the supplementary data related to this article:

**Table S1. The FACS-Seq raw dataset**. This Excel sheet provides the raw data of the FACS-sequencing dataset.

**Table S2. Analysis of the differentially expressed genes of the FACS-Seq dataset**. This Excel sheet provides the differentially expressed genes across different groups in the normalized and weighted FACS-sequencing dataset.

**Table S3. Primer list**. This Excel sheet provides the primer list of qPCR and genotype in this study.Figure S1**Inguinal *Myf5-Cre-ROSA***^***mTmG***^**mice characterization**. (A) Picture shows the sampling region of the *Myf5-Cre-ROSA*^*mTmG*^ and *Ucp1-iCre-ROSA*^*mTmG*^ mice in the following experiment. (B) The growth of mammary gland invades the interscapular BAT during pregnancy (left) and lactation (right). (C) Distribution of Myf5^+^ basal clone size in scapular region observed as single cell, 24 cells and 5 cells or more (n = at least 200 clones from two different mice were counted at each time point). (D--G) The posterior inguinal fat pad of *Myf5-Cre-ROSA*^*mTmG*^ mice in the virgin and lactation stages were sectioned and immunostained for KRT14 and KRT8. (H) Cell suspension of mammary cells stained for CD24, CD29, and Lin (CD31 and CD45) from *Myf5-Cre-ROSA*^*mTmG*^ mice were gated in P1 and P2 to remove debris and doublets, hematopoietic, and endothelial cells were discarded in Lin^−^. (I) GFP positive cell were gated in GFP compare to FMO control from mTmG mouse. (J) The distribution of Myf5-GFP cell in the posterior inguinal mammary gland cell population (Lin^−^). (K) Myf5-GFP percentage in the posterior mammary gland Krt14^+^ mammary basal myoepithelial population (defined as Lin^−^:CD24^+^:CD29^hi^:Krt14^+^) on day 1 of lactation. The data represent means + s.e.m. (L) The gene expression level of *Myf5* in different cell types of *Myf5-Cre-ROSA*^*mTmG*^ mice by Q-PCR (n = 4).Figure S1Figure S2**Lineage tracing using DIO-AAV in the *Ucp1-iCre* mice**. (A) Subcutaneous inguinal WAT from cold stimulated *Ucp1-iCre-ROSA*^*mTmG*^ mice were sectioned and immunostained for UCP1. (B) Ucp1-GFP cells from the dorsal region of the anterior mammary gland (day 3 of lactation) were stained for mammary luminal marker KRT8. (C and D) Schematic diagram of the mCherry reporter activation upon the *Ucp1-iCre* mediated excision is shown in M. Schematic diagrams of lineage-tracing experiments using the DIO-mCherry-AAV infected *Ucp1-iCre* mice are shown in N. (E--G) Interscapular brown adipose depots from 8-week-old female *Ucp1-iCre* mice maintained at 5 °C for 4--5 days after the injection of the DIO-mCherry-AAV were sectioned and immunostained for mCherry, UCP1, Perilipin1 and mammary markers KRT14 and KRT8. (H--J) During lactation day 2--3, the interscapular BAT from the DIO-mCherry-AAV infected Ucp1-iCre female mice were sectioned and immunostained for mCherry, Perilipin1 and mammary markers KRT14, KRT5, and KRT8.Figure S2Figure S3**The Ucp1-GFP adipocytes transplantation**. (A--D) Three days after the cell transplantation, the inguinal adipose tissue from the Ucp1-GFP cells grafted SCID-beige female mice were sectioned and immunostained for the adipose markers Perilipin1, UCP1 and the mammary markers KRT14, KRT8. (J) Time scale of UCP1 protein expression level after DT injection.Figure S3Figure S4***Ucp1-CreER-ROSA***^***tdTomato***^**mice characterization**. (A--C) Interscapular brown adipose depots from 8-week-old female *Ucp1-CreER-ROSA*^*tdTomato*^ mice after tamoxifen was administered were sectioned and immunostained for RFP, UCP1, Perilipin1, and mammary markers KRT14 and KRT8. (D--G) Interscapular brown adipose depots and inguinal mammary gland from lactation *Ucp1-CreER-ROSA*^*tdTomato*^ mice were sectioned and immunostained for RFP, UCP1, Perilipin1, and mammary markers KRT8.Figure S4Figure S5**The depletion of Ucp1 cells during reproductive stage**. (A and C) NE induced oxygen consumption was collected 80 min and AUC shows in C (n = 3). (D and E) Body mass and food intake of the female WT and Ucp1-DTR mice during lactation (n = 11). (F) Litter mass growth curve of the WT and Ucp1-DTR group during lactation (n = 11). (G and H) Mammary gland tissue weight and milk energy output in WT and Ucp1-DTR group.Figure S5Figure S6**Additional analysis of the differentially expressed genes in the FACS-sequencing data**. (A) Floating mature brown adipocytes from the female virgin transgenic mice were collected for following FACS experiment. (B) Cell suspension of mature brown adipocytes was stained for DAPI to remove the dead cells, and the mature brown adipocytes were gated by the cell size and GFP. (C) Flow cytometry analysis of mammary cells using KRT14 antibody in the red open histogram compared to concentration matched negative FMO control in blue histogram. The distribution of KRT14 in Lin^−^ population consist between virgin and lactation state. (D) Flow cytometry analysis of mammary cells using KRT8 antibody in the red open histogram compared to concentration matched negative FMO control in blue histogram. The distribution of KRT8 in Lin^−^ population difference between virgin and lactation state.Figure S6Figure S7**Krt14 and Mmtv driven GFP expression profile in the BAT**. (A--C) Interscapular BAT from the virgin, lactation and involution stages of the *Krt14-Cre-ROSA*^*mTmG*^ mice were sectioned and immunostained for GFP, Perilipin1 and LipidTOX. (D) The percentage of adipocytes express Krt14-GFP in different stages. (E--G) Interscapular BAT from the virgin, lactation, and involution stage of the *Mmtv-Cre-ROSA*^*mTmG*^ mice were sectioned and immunostained for GFP, Perilipin1, LipidTOX and PPAR-γ. (H) The percentage of adipocytes express Mmtv-GFP in different stages.Figure S7
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